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Abstract

Carcinogenesis studies of ethylbenzene were conducted because of its extensive use as a solvent and because it is
structurally similar to the known carcinogen benzene. Groups of 50 male and 50 female Fischer rats and B6C3F1
mice were exposed to ethylbenzene by inhalation at 0, 75, 250, and 750 ppm 6 h per day, 5 days per week, for 2 years.
The dose levels were selected based on the results of 13-week studies. In the 750 ppm group of male and female rats,
body weights were slightly lower and incidences of renal hyperplasia and tubular neoplasms were significantly
increased compared with controls. Incidence of testicular tumors was also significantly increased in male rats. Survival
and body weights of the exposed groups of male and female mice and controls were comparable. Incidences of
alveolar epithelium metaplasia, alveolar/bronchiolar adenoma, and hepatocyte hypertrophy and necrosis were
significantly increased in the 750 ppm male mice and incidences of liver eosinophilic foci and hepatocellular neoplasms
were significantly increased in the 750 ppm female mice compared with controls. Ethylbenzene is carcinogenic
inducing neoplasms in kidneys and testes in Fischer rats and in lungs in male and liver in female B6C3F1 mice.
© 1998 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Ethylbenzene is naturally present in crude
petroleum and is produced commercially by the

alkylation of benzene with ethylene. It is used
mainly in the manufacture of styrene and cellulose
acetate and as an intermediate in the production
of diethylbenzene, acetophenone, and ethyl an-
thraquinone (Federal Register, 1987). Ethylben-
zene is a major component (15–20%) of mixed
xylenes used as solvents in agricultural and house-* Corresponding author. E-mail: chanp@niehs.nih.gov
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hold insecticide sprays, rubber and chemical man-
ufacturing industries, household degreasing clean-
ers, paint, adhesives and rust preventatives
(Toftgard and Nilsen, 1982; Fishbein, 1985).
Ethylbenzene is also used in motor and aviation
fuels as an ‘anti-knock’ agent (NIOSH, 1979;
ILO, 1983).

Ethylbenzene is widely distributed in the envi-
ronment due to its uses as fuel and as a solvent. It
has been detected in ambient air, surface and
ground water, human milk, and workers’ breath
(Lonneman et al., 1968; National Research Coun-
cil, 1981; Otson et al., 1982; Wallace et al., 1984;
STORET, 1986). It has also been found in
effluents from wood pulp mills (Nestmann et al.,
1980).

Ethylbenzene is readily absorbed from the at-
mosphere through the lung in humans (Bardodej
and Bardodejova, 1970; Gromiec and Piotrowski,
1984) and rats (Chin et al., 1980). Orally adminis-
tered ethylbenzene is also quickly and effectively
absorbed (Climie et al., 1983). Absorption of liq-
uid ethylbenzene through the skin is rapid when
compared to similar hydrocarbon compounds
such as benzene or styrene (Dutkiewicz and
Tyras, 1967).

In humans and in rats, most of the absorbed
ethylbenzene is metabolized by the hepatic cy-
tochrome P450 systems to mandelic acid and
phenylglyoxylic acid by side-chain oxidation and
then excreted in urine (Bardodej and Bardode-
jova, 1970; Engstrom, 1984; Gromiec and Pi-
otrowski, 1984; Pyykko et al., 1987). Differences
in the ethylbenzene metabolic pathways among
humans, rats, and rabbits are minor (Chin et al.,
1980; Climie et al., 1983). However, in humans, a
small amount of phenolic derivatives (4-ethylphe-
nol) is also found (Angerer and Lehnert, 1979;
Engstrom, 1984), whereas, in rats, hippuric acid
conjugated with glycine is also excreted.

Carcinogenicity studies of ethylbenzene were
conducted because of its widespread human expo-
sure and its structural relationship to benzene.
The inhalation route of exposure was selected
because human exposure to ethylbenzene is
mainly by this route.

2. Materials and methods

2.1. Chemical

Ethylbenzene was obtained from ARCO Chem-
ical Company (Newtown Square, PA). Analyses
by elemental analyses, Karl Fischer water analy-
sis, iodometric titration for peroxide determina-
tion, and gas chromatography indicated that the
purity of the compound was greater than 99%.
Impurities included 6293 ppm cumene.

2.2. Exposure system

Ethylbenzene vapor was produced by flash
evaporator units and carried from the condensing
column into heated stainless-steel transfer lines
into Hazleton H-2000 exposure chambers (Lab
Products). At the chamber inlets, ethylbenzene
vapor was mixed with HEPA- and charcoal-
filtered air. Chamber concentrations of ethylben-
zene were monitored hourly within the exposure
chambers by an on-line gas chromatograph using
a flame ionization detector.

2.3. Animals

Groups of 50 male and 50 female F344/N rats
and B6C3F1 mice (6 weeks old, obtained from
Simonsen Laboratories, Gilroy, CA) were ex-
posed to ethylbenzene by inhalation at 0, 75, 250,
or 750 ppm, 6 h plus T90 (15 min) per day, 5 days
per week, for 103 (mice) or 104 (rats) weeks. The
high dose of 750 ppm, roughly 19% of the 4-h
LC50 for rats reported by Smyth et al. (1962), was
selected based on 13-week toxicity studies con-
ducted in which no body weight gains, mortality,
or histopathological changes were observed
(Chan, 1992). The animals were observed twice
daily for clinical signs of toxicity. Body weights
were recorded weekly for 13 weeks and monthly
from week 16 to the end of the study.

2.4. Histopathology

At necropsy, all organs and tissues were exam-
ined for grossly visible lesions before being fixed
in 10% neutral buffered formalin, trimmed, em-
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Table 1
Incidences of kidney lesions in male rats exposed to ethylbenzene for 2 years

250 ppm 750 ppmControl 75 ppm

50 50Number examined 50 50

Single sections (standard evaluation)
43 (2.4) 47 (2.3) 48 (3.5)**47 (2.3)aNephropathy

12** (1.8)4 (1.3)Renal tubule hyperplasia 2 (3.0) 2 (2.0)
3 2Adenoma 0 4*

10 30Carcinoma
3 7**Adenoma or carcinoma 0 3

Step sections (extended evaluation)
7 9Renal tubule hyperplasia 10 17**
0 2Adenoma, multiple 0 4

17**723Adenoma
31Carcinoma 0 0

2 8Adenoma or carcinoma 18**3

Single sections and step sections (combined)
9 (2.3) 11 (2.1)Renal tubule hyperplasia 11 (2.0)a 23** (2.5)

2 4Adenoma, multiple 0 0
5 7Adenoma 3 20**
0 310Carcinoma

8 21**Adenoma or carcinoma 3 5

a Severity grades: 1=minimal, 2=mild, 3=moderate, 4=marked.
* P50.05 vs controls by logistic regress (incidence) or by Mann–Whitney U tests (severity).
* P50.01.

bedded in paraffin, sectioned (5–6 mm), and
stained with hematoxylin and eosin for micro-
scopic examination.

2.5. Statistical analysis

Differences in survival were analyzed by life
table methods (Cox, 1972). Tumor incidence data
were analyzed by survival-adjusted methods
(Haseman, 1984; NTP, 1996) and by Fisher exact
tests and Cochran–Armitage trend tests based on
the overall proportion of tumor-bearing animals
(Gart et al., 1979). P values reported for tumor
comparisons are one-sided.

3. Results

3.1. Rat study

Survival of male rats decreased with increasing
dose; the decrease was statistically significant in

the 750 ppm group compared with chamber con-
trols. Survival was similar among the female
groups. Mean body weights of exposed males and
females were slightly (5–10%) lower than those of
chamber controls.

3.1.1. Kidney lesions
As shown in Tables 1 and 2, severity of

nephropathy and incidences of renal tubule hyper-
plasia, adenoma or carcinoma were significantly
increased in the 750 ppm males and females.
Initially, a single section of each kidney was ex-
amined microscopically. Because of increased inci-
dences of proliferative lesions in exposed males
and a suggestion of a similar effect in females, an
additional four sections per kidney were examined
from each male and female rat.

Nephropathy in male and female rats was char-
acterized by a spectrum of changes including dila-
tion of renal tubules with hyaline or cellular casts,
interstitial fibrosis and mononuclear inflammatory
cell infiltration, foci of tubular regeneration, and
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Table 2
Incidences of kidney lesions in female rats exposed to ethylbenzene for 2 years

75 ppm 250 ppm 750 ppmControl

50 50 50 50Number examined

Single sections (standard evaluation)
46 (2.3)**43 (1.7)**Nephropathy 38 (1.3)a 42 (1 6)*

1 (1.0) 3 (2.3)Renal tubule hyperplasia 0 3 (1.3)
00 10Adenoma

Step sections (extended evaluation)
1 1Renal tubule hyperplasia 1 8*
0 1Adenoma 7*0

Single sections and step sections (combined)
10** (1 8)4 (2.2)Renal tubule hyperplasia 1 (1.0) 2 (1.0)

0 1Adenoma 8**0

a Severity grades: 1=minimal, 2=mild, 3=moderate, 4=marked.
* P50.05 vs controls by logistic regression (incidence) or by Mann–Whitney U tests (severity).
** P50.01.

transitional epithelial hyperplasia of renal papilla.
Renal tubule hyperplasia, adenoma, and car-
cinoma constitute a morphologic and biologic
continuum. Hyperplasia was a focal lesion con-
sisting of tubules which were enlarged up to two
to three times the diameter of a normal tubule
and which were lined by increased numbers of
epithelial cells that partially or totally filled the
tubule lumen. Hyperplasia was considered a pre-
neoplastic lesion and was distinguished from re-
generative epithelial changes commonly seen as a
component of chronic nephropathy. Renal tubule
adenomas were discrete proliferative lesions,
which were larger than focal hyperplasia and
which tended to form more complex, usually mul-
tilobulated structures. Carcinomas were macro-
scopic tumors which projected beyond the
capsular surface. Microscopically, carcinomas
were characterized by more pleomorphic cells,
more prominent vascular supply, and large central
areas of necrosis.

3.1.2. Testicular lesions
In the 750 ppm males, incidence of interstitial

cell adenoma was significantly greater than that in
the chamber control group; incidence of bilateral
testicular adenoma was also significantly in-
creased; whereas incidence of interstitial cell hy-
perplasia in 750 ppm males was significantly

decreased (Table 3). Interstitial cell adenoma is a
common neoplasm in male F344/N rats and is
composed of nodular aggregates of large polyhe-
dral cells with foamy or eosinophilic cytoplasm
which extend between seminiferous tubules and
cause compression of the surrounding tubules.
This neoplasm will develop in nearly all F344/N
rats if allowed to complete their natural life span;
however, ethylbenzene appeared to enhance its
development (Table 4).

3.2. Mouse study

Survival and body weights of exposed groups of
male and female mice were similar to that of
chamber controls.

3.2.1. Lung lesions
Incidences of alveolar/bronchiolar adenoma

and alveolar/bronchiolar adenoma or carcinoma
(combined) in males increased with a positive
trend and in the 750 ppm males were significantly
greater than those in the chamber control group
(Table 5). No differences were observed in inci-
dence rates of alveolar/bronchiolar adenomas
and/or carcinomas among the female groups.
Alveolar/bronchiolar neoplasms were nodular
proliferations within the lung parenchyma which
caused variable compression depending on size.
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Table 3
Incidences of testicular lesions in male rats exposed to ethylbenzene for 2 years

75 ppmControl 750 ppm250 ppm

50 50Number examined 50 50

Interstitial cell
8* (1.1)12 (1.3)Hyperplasia 14 (1.5) 19 (1.2)

44**40Adenoma 36 33
27 23 32Bilateral adenoma 40**

* P50.05 vs controls (logistic regression test).
** P50.01.

Adenomas were typically well circumscribed nod-
ules composed of monomorphic cuboidal cells
arranged in solid or papillary patterns. In car-
cinomas the borders were less distinct and the
neoplastic cells were cuboidal to columnar in
shape and exhibited greater cytologic atypia.
Proliferative change in the lung diagnosed as
alveolar epithelial metaplasia was observed in ex-
posed males and females; the incidence was sig-
nificantly increased in the 750 ppm males.
Metaplasia was characterized by the presence of
cells morphologically similar to bronchiolar ep-
ithelial cells lining the alveolar spaces adjacent to
terminal bronchioles.

3.2.2. Li6er lesions
Incidence of hepatocellular adenoma and ade-

noma or carcinoma (combined) in females oc-
curred with a positive trend; the incidence was
significantly greater in the 750 ppm group than
those in the chamber controls (Table 6). Multiple
adenomas were found in all exposed groups of
females, and multiple carcinomas were found in

two 750 ppm females, but multiple liver neo-
plasms were not found in control females. Hepa-
tocellular adenomas consisted of nodules of
hepatocytes which compressed adjacent liver par-
enchyma and lacked the normal lobular and si-
nusoidal pattern. Hepatocellular carcinomas were
large masses composed of anaplastic hepatocytes
forming solid sheets or trabecular patterns.

In addition to liver neoplasms, the incidence
of eosinophilic foci in the liver was signifi-
cantly greater in the 750 ppm females than in
he controls. This lesion, composed of focal
collections of cells which have altered staining
characteristics which blend into surrounding hep-
atic cords with little or no compression, is con-
sidered to be a precursor to hepatocellular
neoplasia.

A spectrum of nonneoplastic liver changes re-
lated to ethylbenzene exposure in male mice in-
cluded syncytial alteration of hepatocytes,
hepatocellular hypertrophy, and hepatocyte ne-
crosis were observed. Syncytial alteration was
seen in all male exposed groups with concentra-
tion-dependent increases in incidence. This
change consisted of the presence of greatly en-
larged hepatocytes containing multiple nuclei,
generally five or more, either randomly scattered
throughout the liver lobule or with a tendency to
cluster in centrilobular areas. Hypertrophy of
hepatocytes occurred in the centrilobular zones
of 750 ppm males and was characterized by cells
with increased amounts of cytoplasm and en-
larged nuclei. Syncytial alteration and hypertro-
phy frequently occurred in the same animal.

Table 4
Incidences of testicular adenoma at varying time periods for
male rats exposed to ethylbenzene for 2 years

0 ppmSurvival (days) 750 ppm

0% (0/2) 0% (0/3)B400
92% (22/24)400–600 33% (3/9)

67% (18/24)600-Sacrifice 95% (20/21)
Terminal sacrifice 100% (2/2)100% (15/15)

Total 72% (36/50) 88% (44/50)
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Table 5
Incidences of lung lesions in mice exposed to ethylbenzene for 2 years

250 ppm 750 ppmControl 75 ppm

Male
50 50Number examined 50 50

Alveolar epithelium
2 (1.5) 4 (2.0)Hyperplasia 1 (1.0) 5 (2.6)
2 (1.0) 6* (1.2)Metaplasia 0 1 (1.0)

Alveolar/bronchiolar
109 16**5Adenoma

2 1 5 3Carcinoma
19**15107Adenoma or Carcinoma

Female
50 504950Number examined

Alveolar epithelium
1 (2.0) 3 (2.0)Hyperplasia 0 1 (3.0)

1 (2.0)000Metaplasia

Alveolar/bronchiolar
8544Adenoma

0 2 0 0Carcinoma
4 6 5Adenoma or carcinoma 8

* P50.05 vs controls (logistic regression test).
** P50.01.

Hepatocellular necrosis was evident as random
single cell necrosis, generally of hypertrophied
cells.

3.2.3. Thyroid lesions
Increased incidence of thyroid follicular cell

hyperplasia was observed in the exposed males
(control: 21/50; 75 ppm: 21/50; 250 ppm: 29/50;
750 ppm: 32/50) and females (18/50, 23/50, 25/50,
35/50). Thyroid hyperplasia was typically a focal
noncompressive proliferation with simple papil-
lary infoldings of follicular epithelial eells. There
were no corresponding increases in the incidence
of adenomas of the thyroid gland.

3.2.4. Pituitary gland lesions
Incidences of hyperplasia of the pituitary gland

pars distalis was significantly increased in the 250
and 750 ppm females relative to controls (10/48,
12/49, 23/47, 22/49). The lesions were seen as
focal, poorly delineated, monomorphic increases
of cells which had no compressive features or
altered arrangement.

4. Discussion

In the standard histopathologic evaluation of
the kidney in the present study, the incidence of
renal tubule adenoma in the 750 ppm male rats
was significantly greater than that in the chamber
controls. Step sections evaluation of the kidneys
identified many more adenomas and a few addi-
tional carcinomas. In addition, multiple renal
tubule adenomas were found in the 250 and 750
ppm males. The standard evaluation and step
sections evaluation (combined) showed signifi-
cantly increased incidences of renal tubule ade-
noma, renal tubule adenoma or carcinoma
(combined), and renal tubule hyperplasia in the
750 ppm male rats as well as positive trends
across the exposure groups. In the standard evalu-
ation of female rat kidneys, no significant in-
creases in incidences of renal lesions were
observed. In the step sections evaluation, the inci-
dences of renal tubule hyperplasia and renal
tubule adenoma were significantly increased in the
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Table 6
Incidences of liver lesions in mice exposed to ethylbenzene for 2 years

250 ppm 750 ppmControl 75 ppm

Male
50 50Number examined 50 50

Hepatocyte
0 0Hypertrophy 1 (1.0) 17** (1.1)

10** (1.8)3 (1.3)Necrosis 1 (1.0) 1 (2.0)
23** (1.1)0 5 (1.0)Syncytial alteration 8**(1.4)

Female
50505050Number examined

7 (1.4) 6 (1.5)Eosinophilic focus 5 (1.8) 22** (2.0)

Hepatocellular
0 1 3 4Adenoma, multiple

9 12Adenoma 6 16*
00 20Carcinoma, multiple

4 3Carcinoma 7 12
15 25*Adenoma or carcinoma 13 12

* P50.05.
** P50.01.

750 ppm females compared with the chamber
controls.

Kurokawa et al. (1983) first reported that a
greater incidence of rat kidney lesions was found
when multiple kidney sections were examined
compared with single sections. This was expected
considering the very small size of many of the
tubule cell adenomas typically seen in the kidney.
The NTP has compared lesions from single and
multiple kidney sections and found increased inci-
dences of renal tubule hyperplasia and renal
tubule adenoma in multiple sections from male
rats (Eustis et al., 1994), agreeing with the find-
ings of Kurokawa et al. (1983). However, few
additional neoplasms were identified in female
rats or in male or female mice (Eustis et al., 1994).
In the present studies, additional incidences of
renal tubule hyperplasia and renal tubule ade-
noma were found in step sections from male and
female rats.

Nephropathy is commonly found in aging male
and, to a lesser degree, female rats. In the step
sections evaluation of the kidneys the severity of
nephropathy and incidences of renal tubule hyper-
plasia in the 750 ppm males and females were

increased. Ethylbenzene may have exacerbated the
age-related nephropathy development in rats or
exerted toxic injury to the renal cells and induced
compensatory cell replication of the renal tubule
epithelium. Whether it was a direct effect of ethyl-
benzene or an indirect result of elthylbenzene
induced cytotoxicity, the renal tubule lesions in
male and female rats were considered exposure
related. Male rats appeared to be more sensitive
to the renal toxic effect of ethylbenzene than
female rats, and that may account for the early
deaths in the 750 ppm males.

Following exposure to certain hydrocarbons,
male rats develop renal tubule hyaline droplets,
attributed to accumulation of a2u-globulin in the
kidney. The accumulation of a2u-globulin is
known to lead to nephropathy and renal tubule
neoplasm development in male rats. This spec-
trum of non-neoplastic changes differs from the
chronic progressive nephropathy commonly
found in aging male rats (USEPA, 1991). No
clear evidence of hyaline droplets was seen in the
kidneys of male F344/N rats exposed to ethylben-
zene for 13 weeks (Chan, 1992) or 2 years (present
studies), and, thus, this proposed mechanism did
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not appear to contribute to the proliferative renal
tubule lesions in male or female F344/N rats in
the studies reported here.

After a 6-h inhalation exposure to ethylbenzene
in male Wistar rats, the major metabolites iden-
tified in urine were a-methylbenzyl alcohol (1-
phenylethanol), mandelic acid, phenylglyoxylic
acid, phenylacetic acid, and benzoic acid. Minor
metabolites included v-hydroxyacetophenone, 1-
phenyl-1,2-ethanediol, acetophenone, p-hydroxy-
acetophenone, and phenylglyoxal (Engstrom,
1984). Blood metabolises of ethylbenzene were
difficult to identify and measure (Engstrom,
1984). a-Methylbenzyl alcohol was negative for
mutagenicity (NTP, 1990) and did not induce
sister chromatic exchanges in cultured human
lymphocytes (Norppa and Vainio, 1983). How-
ever, a-methylbenzyl alcohol has been shown to
enhance nephropathy and induce renal tubule cell
adenoma or adenocarcinoma in male F344/N rats
(NTP, 1990), but had no effect on nephropathy
and renal tubule cell lesions in female F344/N
rats. The kidney toxicity and carcinogenicity ob-
served in both male and female rats in the present
studies suggested that ethylbenzene is more potent
than a-methylbenzyl alcohol in causing renal toxi-
city. Other metabolites, such as an epoxide or
diolepoxide after ring oxidation (Engstrom, 1984),
phenylglyoxal bearing a reactive aldehyde group,
or those postulated in benzene metabolism such
as hydroquinone, benzoquinone (Snyder and
Hedli, 1996), and benzene diolepoxide-2 (Busby et
al., 1990) may contribute to the renal toxicity and
carcinogenicity of ethylbenzene. Further studies
to identify the active species are needed. It should
be noted that ethylbenzene is not mutagenic or
clastogenic (NTP, 1996).

The increased incidence of testicular adenoma
observed in male rats in the 750 ppm group was
considered related to ethylbenzene exposure. This
is evidenced by the finding that 92% (22/24) of the
750 ppm male rats that died between day 400 and
day 600 had testicular adenoma, whereas only
33% (3/9) of the controls that died early had
testicular adenoma (Table 4). The incidence of
bilateral adenoma was also increased in 750 ppm
males. Testicular adenoma develops in nearly all
rats in the latter part of their life, but in inhala-

tion studies, the incidence is low compared with
feeding and gavage studies (Haseman et al., 1997).
Ethylbenzene appeared to hasten the development
of testicular adenomas. How ethylbenzene accom-
plishes this effect is not clear. There were no
testicular effects detected in the 13-week studies
(Chan, 1992). a-Methylbenzyl alcohol may not be
involved since it inhibits testicular adenoma
(NTP, 1990).

Structurally, ethylbenzene is related to benzene.
Benzene is a multipotential carcinogen suppress-
ing bone marrow cellularity and inducing
leukopenia, leukemia, and neoplasms in Zymbal
gland, oral cavity, and skin in rats and Zymbal
gland, lymph gland, lung, Harderian gland,
preputial gland, mammary gland, ovary,
forestomach, and liver in mice after gavage dosing
(NTP, 1986). Benzene is metabolized to benzene
oxide, benzene oxepin, benzene dihydrodiol, phe-
nol, hydroquinone, trihydroxybenzene (benzen-
etriol), catechol, benzoquinone, and trans,trans-
muconaldehyde (Sabourin et al., 1989, 1992;
Snyder and Hedli, 1996). The metabolites pro-
posed for the hematotoxicity are hydroquinone,
benzoquinone, catechol, and benzenetriol (Snyder
and Hedli, 1996) and for lung tumors in mice are
benzene oxide, benzene dihydrodiol, and benzene
diolepoxide-2 (Busby et al., 1990). Although ben-
zene and ethylbenzene are structurally related the
metabolites, target organs, and mechanism of ac-
tion of benzene appear quite different from that
of ethylbenzene.

In the mouse studies, the incidences of alveolar
epithelial metaplasia and alveolar/bronchiolar
adenoma or carcinoma (combined) were signifi-
cantly increased in 750 ppm male mice, but not in
750 ppm female mice. The difference in response
between males and females to ethylbenzene is not
clear and is probably not related to air volume
inhaled.

Increased incidences of hepatocellular adenoma
or carcinoma (combined) and liver eosinophilic
foci were observed in the 750 ppm groups of
female mice but not in male mice in the present
studies. A significant increase in absolute liver
weight was observed in male and female mice
exposed to ethylbenzene at 750 ppm and higher in
the NTP 13-week studies (Chan, 1992). Increased
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absolute and relative liver weights were also re-
ported in female B6C3F1 mice exposed to ethyl-
benzene by inhalation (Cragg et al., 1989). The
female mouse liver appears to be more sensitive to
the effects of ethylbenzene than the male mouse
liver; however, the relationship between increased
liver weight and liver neoplasm incidence in the
female mice is not clear.

It is also not clear why male and female
B6C3F1 mice had different neoplasm responses to
ethylbenzene exposure. There is little data avail-
able on which to judge why ethylbenzene affected
male and female endocrine systems differently,
although an exposure-related increase in incidence
of pituitary gland (pars distalis) hyperplasia was
seen in female mice. Ethylbenzene induced an
exposure-related increase in incidence of hyper-
plasia in thyroid gland of male and female mice,
but there was no difference between males and
females in incidence observed.

Phenylglyoxylic and mandelic acids were effec-
tive in causing brain dopamine depletion in vitro
(Mutti and Franchini, 1987) and in vivo (Mutti et
al., 1988). On the other hand, Andersson et al.
(1981) reported that male Spraque–Dawley rats
exposed to ethylbenzene by inhalation at 2000
ppm, 6 h per day for 3 days, had increases in
dopamine and noradrenaline levels in the hypo-
thalamus and the median eminence. Such neuro-
toxic effects would disturb brain function and
cause neurobehavioral and neuroendocrine
changes and may be related to the sex difference
in response to ethylbenzene exposure.

The sex and species differences and organ spe-
cificity in the carcinogenic effects of ethylbenzene
are unexpected findings. The mechanisms of ac-
tion of ethylbenzene carcinogenesis in rats and
mice remain to be defined.

References

Andersson, K., Fuxe, K., Nilsen, O.G., Toftgard, R., Eneroth,
P., Gustafsson, J.A., 1981. Production of discrete
changesindopamine and noradrenaline levels in various
parts of the rat brain following exposure to xylene, ortho-,
meta-, and para-xylene and ethylbenzene. Toxicol. Appl.
Pharmacol. 60, 535–548.

Angerer, J., Lehnert, T., 1979. Occupational chronic exposure
to organic solvents. VII. Phenolic compounds-metabolites
of alkylbenzenes in man. Simultaneous exposure to ethyl-
benzene and xylenes. Int. Arch. Occup. Environ. Health
43, 145–150.

Bardodej, Z., Bardodejova, E., 1970. Biotransformation of
ethylbenzene, styrene and alpha-methylstyrene in man.
Am. Ind. Hyg. Assoc. J. 31, 206–209.

Busby, W.F., Jr., Wang, J.S., Stevens, E.K., Padykula, R.E.,
Aleksejczk, R.A., Bechtold, G.E., 1990. Lung tumorigenic-
ity of benzene oxide, benzene dihydrodiols and benzene
diolepoxides in the BLU:Ha newborn mouse assay. Car-
cinogenesis 11, 1473–1478.

Chan P.C., 1992. Toxicity Studies of Ethylbenzene in F344/N
Rats and B6C3F1 Mice (Inhalation Studies). NTP Toxicity
Study Report Series No. 10. NIH Publication No. 923129.
US Department of Health and Human Services, Public
Health Service, National Institutes of Health, Research
Triangle Park, NC.

Chin, B.H., McKelvey, J.A., Tyler, R.R., Calisti, L.R., Koz-
belt, S.J., Sullivan, L.J., 1980. Absorption, distribution,
and excretion of ethylbenzene, ethylcyclohexane and
methylethylbenzene isomers in rats. Bull. Environ. Con-
tam. Toxicol. 24, 477-483.

Climie, I.J.G., Hutson, D.H., Stoydin, G., 1983. The
metabolism of ethylbenzene hydroperoxide in the rat.
Xenobiotica 13, 611–618.

Cox, D.R., 1972. Regression models and life-tables. J. R. Stat.
Soc. B34, 187–220.

Cragg, S.T., Clarke, E.A., Daly, I.W., Miller, R.R., Terrill,
J.B., Quellette, R.E., 1989. Subchronic inhalation toxicity
of ethylbenzene in mice, rats and rabbits. Fundam. Appl.
Toxicol. 13, 399-408.

Dutkiewicz, T., Tyras, H., 1967. A study of the skin absorp-
tion of ethylbenzene in man. Br. J. Ind. Med. 24, 330–332.

Engstrom, K.M., 1984. Metabolism of inhaled ethylbenzene in
rats. Scand. J. Work Environ. Health 10, 83–87.

Eustis, S.L., Hailey, J.R., Boorman, G.A., Haseman, J.K.,
1994. The utility of multiple-section sampling in the histo-
pathological evaluation of the kidney for carcinogenicity
studies. Toxicology 22, 457–472.

Federal Register, 1987. Twentieth Report of the Interagency
Testing Committee to the Administrator; Receipt of Re-
port and Request for Comments Regarding Priority List of
Chemicals. 52, 19020–19026.

Fishbein, L., 1985. An overview of environmental and toxico-
logical aspects of aromatic hydrocarbons. IV. Ethylben-
zene. Sci. Total Environ. 44, 269-287.

Gart, J.J., Chu, K.C., Tarone, R.E., 1979. Statistical issues in
interpretation of chronic bioassay tests for carcinogenicity.
J. Natl. Cancer Inst. 62, 957–974.

Gromiec, J.P., Piotrowski, J.K., 1984. Urinary mandelic acid
as an exposure test for ethylbenzene. Int. Arch. Occup.
Environ. Health 55, 61–72.

Haseman, J.K., Young, E., Eustis, S.L., Hailey, J.R., 1997.
Body weight-tumor incidence correlates in long term ro-
dent carcinogenicity studies. Toxicol. Pathol. 25, 256–263.



P.C. Chan et al. / Toxicology Letters 99 (1998) 23–3232

Haseman, J.K., 1984. Statistical issues in the design analysis
and interpretation of animal carcinogenicity studies. Envi-
ron. Health Perspect. 58, 385–392.

International Labor Office (ILO), 1983. Encyclopedia of Occu-
pational Health and Safety. International Labor Office,
Geneva, Switzerland. Vol. I and II, p. 214.

Kurokawa, Y., Hayashi, Y, Maekawa, A., Takahashi, M.,
Kodubo, T., Odashima, S., 1983. Carcinogenicity of potas-
sium bromate administered orally to F344 rats. J. Natl.
Cancer Inst. 71, 965–972.

Lonneman, W.A., Bellar, T.A., Altshuller, A.P., 1968. Aro-
matic hydrocarbons in the atmosphere of the Los Angeles
basin. Environ. Sci. Tech. 2, 1017–1020.

Mutti, A., Franchini, I., 1987. Toxicity of metabolises to
dopaminergic systems and the behavioral effects of organic
solvents. Br. J. Ind. Med. 44, 721–723.

Mutti, A., Folzoi, M., Romanelli, A., Bocchi, M.C., Ferroni,
C., Franchini, I., 1988. Brain dopamine as a target for
solvent toxicity: Effects of some monocyclic aromatic hy-
drocarbons. Toxicology 49, 77–82.

National Institute of Occupational Safety and Health
(NIOSH), 1979. Ethylbenzene Data Sheet for Prioritized
NIOSH/OSHA Substances for the National Toxicology
Program. National Institute for Occupational Safety and
Health. Rockville, MD.

National Research Council, 1981. The Alkyl Benzenes. Na-
tional Academy Press. Washington, DC.

National Toxicology Program (NTP), 1986. Toxicology and
Carcinogenesis Studies of Benzene (CAS No. 71-43-2) in
F344/N Rats and B6C3F1 Mice (Gavage Studies). Techni-
cal Report Series No. 289. NIH Publication No. 86-2545.
US Department of Health and Human Services, Public
Health Service, National Institutes of Health, Research
Triangle Park, NC.

National Toxicology Program (NTP), 1990. Toxicology and
Carcinogenesis Studies of a-Methylbenzyl Alcohol (CAS
No.98-85-1) in F344/N Rats and B6C3F1 Mice (Gavage
Studies). Technical Report Series No. 369. NIH Publica-
tion No. 89-2824. US Department of Health and Human
Services, Public Health Service, National Institutes of
Health, Research Triangle Park, NC.

National Toxicology Program (NTP), 1996. Toxicology and
Carcinogenesis Studies of Ethylbenzene (CAS No.100-41-
4) in F344/N Rats and B6C3F1 Mice (Inhalation Studies).
Technical Report Series No. 466. NIH Publication No. 96-
3956. US Department of Health and Human Services,
Public Health Service, National Institutes of Health, Re-
search Triangle Park, NC. (Board Draft)

Nestmann, E.R., Lee, E.G.-H., Matula, T.I., Douglas, G.R.,
Mueller, J.C., 1980. Mutagenicity of constituents identified
in pulp and paper mill effluents using the Salmonella/mam-
malian-microsome assay. Mutat. Res. 79, 203–212.

Norppa, H., Vainio, H., 1983. Induction of sister-chromatic
exchanges by styrene analogues in cultured human
lymphocytes. Mutat. Res. 116, 379–387.

Otson, R., Williams, D.T., Bothwell, P.D., 1982. Volatile
organic compounds in water at thirty Canadian potable
water treatment facilities. J. Assoc. Off. Anal. Chem. 65,
1370–1374.

Pyykko, K., Paavilainen, S., Metsa-Ketela, T., Laustiola, K.,
1987. The increasing and decreasing effects of aromatic
hydrocarbon solvents on pulmonary and hepatic cy-
tochrome P-450 in the rat. Pharmacol. Toxicol. 60, 288–
293.

Sabourin, P.J., Bechtold, W.E., Griffith, W.C., Birnbaum,
L.S., Lucier, G., Henderson, R.F., 1989. Effect of exposure
concentration exposure rate and route of administration on
metabolism of benzene by F344 rats and B6C3F1 mice.
Toxicol. Appl. Pharmacol. 99, 421–444.

Sabourin, P.J., Muggenburg, B.A., Couch, R.C., Legler, D.,
Lucier, G.F.W., Birnbaum, L.S., Henderson, R.F., 1992.
Metabolism of 14C benzene by Cynomolgus monkeys and
chimpanzees. Toxicol. Appl. Pharmacol. 114, 277–283.

Smyth, H.F. Jr., Carpenter, C.P., Weil, C.S., Pozzani, U.C.,
Striegel, J.A., 1962. Range-finding toxicity data: List VI.
Am. Ind. Hyg. Assoc. J. 23, 95–107.

Snyder, R., Hedli, C.C., 1996. An overview of benzene
metabolism. Environ. Health Perspect. 104 (Suppl. 6),
1165–1171.

Storage and Retrieval of Water Quality Information
(STORET), 1986. Water Quality Control Information Sys-
tem [database].US Environmental Protection Agency,
Washington, DC.

Toftgard, R., Nilsen, O.G., 1982. Effects of xylene and xylene
isomers on cytochrome P-450 and in vitro enzymatic activ-
ities in rat liver, kidney and lung. Toxicology 23, 197–212.

United States Environmental Protection Agency (USEPA),
1991. Alpha-2u-Globulin: Association with Chemically In-
duced Renal Toxicity and Neoplasia in the Male Rat.
EPA/625/3-91/019F. Risk Assessment Forum, US Envi-
ronmental Protection Agency, Washington, DC 20460.

Wallace, L., Pellizzari, E., Hartwell, T., Rosenzweig, M.,
Erickson, M., Sparacino, C., Zelon, H., 1984. Personal
exposure to volatile organic compounds. I. Direct measure-
ments in breathing-zone air, drinking water food and
exhaled breath. Environ. Res. 35, 293–319.

..


